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Stem cells in plants and animals are maintained
pluripotent by signals from adjacent niche cells. In
plants, WUSCHEL HOMEOBOX (WOX) transcription
factors are central regulators of stem cell mainte-
nance in different meristem types, yet their molecular
mode of action has remained elusive. Here we show
that in theArabidopsis root meristem, theWOX5 pro-
tein moves from the root niche organizer, the quies-
cent center, into the columella stem cells, where it
directly represses the transcription factor gene
CDF4. This creates a gradient of CDF4 transcription,
which promotes differentiation opposite to the
WOX5 gradient, allowing stem cell daughter cells to
exit the stem cell state. We further show that WOX5
represses CDF4 transcription by recruiting TPL/
TPR co-repressors and the histone deacetylase
HDA19, which consequently induces histone deace-
tylation at the CDF4 regulatory region. Our results
show that chromatin-mediated repression of differ-
entiation programs is a common strategy in plant
and animal stem cell niches.
INTRODUCTION
In plants, organogenic centers, named meristems, harbor stem
cells that provide the cells for the iterative formation of new tis-
sues and organs throughout a plant’s life, which can last up to
thousands of years. The root is an ever growing elaborate organ
system for nutrient uptake, anchorage, and storage. It is derived
from stem cells in the root apical meristem that surround a small
group of mitotically less active cells, named the quiescent center
(QC; Figure 1A; Dolan et al., 1993). The stem cells situated at the
proximal and lateral sides of the QC add to concentric rings of
specialized tissues, from inward to outward: stele, endodermis,
cortex, epidermis, and lateral root cap (Dolan et al., 1993). Their576 Developmental Cell 33, 576–588, June 8, 2015 ª2015 Elsevier Indaughter cells destined to differentiate undergo several rounds
of mitosis and thus act as transient amplifying cell population,
similar to animal stem cell systems. By contrast, the columella
stem cells (CSCs), which are located distally to the QC, undergo
asymmetric divisions that generate descendents that do not
further divide, but directly differentiate and accumulate starch-
grain-containing amyloplasts for gravity sensing (Figure 1A;
Dolan et al., 1993). Because of its simplicity, the columella has
become a model to study the regulation of stem cell renewal
and differentiation.
Cellular ablation experiments and genetic analysis have
demonstrated that the CSCs are kept in an undifferentiated state
by signals from the QC (van den Berg et al., 1997). This signaling
ability requires expression of the transcription factor WUSCHEL
RELATEDHOMEOBOX 5 (WOX5) in the QC. Thewox5-1 loss-of-
function mutant displays differentiation of the CSCs subtending
theQC (Sarkar et al., 2007), whereas other root stem cells are not
affected. In addition, wox5-1 displays ectopic QC divisions (For-
zani et al., 2014), which plausibly might contribute to the persis-
tence of a columella structure.
WOX5 is a member of the WUS family of homeodomain tran-
scription factors (Haecker et al., 2004), several of which have
been found to act as regulators of stem cell maintenance in
different meristems, including the shoot and root meristems,
the vascular cambium, and the leaf marginal meristem (for re-
view, Aichinger et al., 2012). In the Arabidopsis shoot meristem,
WUS is expressed in the organizing center (OC; Mayer et al.,
1998), and the protein moves into the overlying stem cells
(Daum et al., 2014; Yadav et al., 2011) to maintain them undiffer-
entiated (Brand et al., 2000; Schoof et al., 2000). Both transcrip-
tional repression and activation of target genes have been
proposed for WUS (Busch et al., 2010; Ikeda et al., 2009; Leib-
fried et al., 2005; Lohmann et al., 2001; Schuster et al., 2014;
Yadav et al., 2011).
Their similarity is reflected by the fact that some WOX genes
are interchangeable between different meristems (Sarkar et al.,
2007; Shimizu et al., 2009). For example, WUS can replace
WOX5 when expressed in the QC of the root meristem and
vice versa (Sarkar et al., 2007). However, expression of WUS
in cells outside the stem cell niche can cause the induction ofc.
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Figure 1. WOX5 Is Sufficient to Dedifferentiate Columella Cells into Stem-Cell-like Cells
(A) Schematic representation of the root meristem stem cell niche composed of the quiescent center (green) and surrounding stem cells (pink). Inset highlights the
columella stem cell system, which consists of a quiescent center (QC), columella stem cells (CSC), and differentiated columella cells (CC).
(B–E) Expression of the columella stem cell marker J2341 is broadened (C), whereas expression of the marker for differentiated columella cellsQ1630 is strongly
reduced (E) in 24-hr-long DEX-induced p35S:WOX5-GR plants compared with mock-treated controls (B and D). GFP, green; propidium iodide, red.
(F–I) Laser scanning microscopy (LSM) images with mPS-PI staining for starch grains (black or gray dots) in 5-day-old roots.WOX5 expression in differentiated
columella cells causes dedifferentiation (G and H compared with F), whereas additionalWOX5 expression in columella stem cells has no effect (F and I). Inset in
(G) shows Q0680 expression pattern in columella cells of wild-type.
(J and K) Expression of the cell-cycle marker CycB1;1-GUS (blue) is activated in starch-grain-containing, differentiated columella cells (arrowhead) by DEX
induction of p35S:WOX5-GR (K) compared with mock-treated control (J).
Numbers denote frequencies of the shown phenotypes. Brackets indicate the induced columella-stem-cell-like cells. Scale bars represent 25 mm (B–E) and 50 mm
(F–K). See also Figure S1.shoot cell fates in the root (Gallois et al., 2004; Song et al.,
2008).
Despite their central role therein, the molecular mode of WOX
protein function in stem cell maintenance has been elusive. Here
we analyze the molecular mechanisms by which WOX5 controls
stem cell fate.We show thatWOX5 proteinmoves from theQC to
the CSCs and represses the transcription factor gene CYCLING
DOF FACTOR 4 (CDF4). CDF4 promotes differentiation and the
CDF4 reporter gene is expressed in a gradient with highest levels
in differentiated columella, low levels in CSCs, and no detectable
expression in the QC, which is reverse to the WOX5 protein
gradient. Our results reveal that WOX5 recruits the GrouchoDeveco-repressors TOPLESS/TOPLESS-RELATED (TPL/TPR) and
the HISTONE DEACETYLASE 19 (HDA19) to the CDF4 gene, re-
sulting in histone H3 deacetylation and transcriptional repression
in QC and CSCs, which is crucial to prevent precocious loss of
pluripotency.
RESULTS
WOX5 Reprograms Differentiated Columella Cells into
Stem Cells
Ectopic WOX5 expression results in the formation of supernu-
merary small and starchless cells in the columella root cap,lopmental Cell 33, 576–588, June 8, 2015 ª2015 Elsevier Inc. 577
which are morphologically similar to undifferentiated columella
stem cells (Sarkar et al., 2007). In order to address whether
inducible p35S:WOX5-GR expression could serve as a tool for
identifying relevant WOX5 target genes, we scrutinized the
effects of ectopic WOX5 expression in the root meristem using
established marker lines (Sabatini et al., 2003). Twenty-four
hours after induction of p35S:WOX5-GR with dexamethasone
(DEX), the expression domain of the columella stem cell marker
J2341 is expanded into the normally differentiated columella
region (Figures 1B and 1C), whereas the expression of the
marker for differentiated columella cells, Q1630, is greatly
reduced (Figures 1D and 1E). Together with the small cell size
and the lack of starch grains, these results suggest that WOX5
activity is sufficient to ectopically induce a stem-cell-like pro-
gram and to repress differentiation in the columella.
Next, we asked whether the induced stem-cell-like cells result
from blocking differentiation of columella stem cell descendants
or from dedifferentiation of already differentiated columella cells.
To this end, we expressed WOX5 specifically in fully differenti-
ated columella cells by Q0680 and Q1630 drivers. This induces
the conversion of the columella cells into stem-cell-like cells
that lack starch grains (Figures 1F–1H) and strong reduction of
columella cell markers (Figure S1), similar to previous findings
(Song et al., 2008). By contrast, expression of the WOX5 trans-
gene in the columella stem cells has no effect (Figure 1I),
plausibly because these cells are already undifferentiated. In
wild-type, the differentiated columella cells do not divide, as
shown by the lack of expression of the cell-cycle marker
CycB1;1-GUS (Figure 1J; Colo´n-Carmona et al., 1999; Dolan
et al., 1993). Induction of p35S:WOX5-GR for 8 hr causes
CycB1;1-GUS expression in differentiated columella cells that
still contain starch granules (Figure 1K).
Together, these data suggest that WOX5 has the ability to
reprogram an already differentiated columella cell into a mitoti-
cally active cell that is similar to columella stem cells.
WOX5 Represses CDF4 Transcription in the QC and
the CSCs
As a first step to identify direct targets of WOX5 in stem cell
control, we performed mRNA profiling with RNA extracted
from dissected root tips of p35S:WOX5-GR plants after
treatment with DEX and cycloheximide (CHX), a protein syn-
thesis inhibitor to reduce secondary transcriptional effects
after WOX5 activation. After 1 hr of WOX5-GR induction, the
expression levels of 18 genes are significantly changed (fold
change R 2, p % 0.05; Table S1). Notably, 17 out of these
18 genes are downregulated, suggesting that WOX5 acts as
a repressor, consistent with previous findings (Ikeda et al.,
2009).
To assess which of these genes might be relevant WOX5 tar-
gets in stem cell maintenance, we constructed fluorescent re-
porters for six candidates, each with about 3-kb DNA sequences
upstream of the transcriptional start site (TSS; Table S1). Of
those six candidates, the reporter for the CDF4 (AT2G34140;
Fornara et al., 2009) gene robustly responded to WOX5 in the
QC. Therefore, we chose CDF4 to investigate the molecular
mechanism of how WOX5 controls stem cells.
CDF4 encodes a group II Dof (DNA-binding with one finger)
transcription factor (Fornara et al., 2009; Yanagisawa, 2002)578 Developmental Cell 33, 576–588, June 8, 2015 ª2015 Elsevier Inwhose function had not been characterized yet. A CDF4-GFP
(green fluorescence protein) protein fusion localizes to the nu-
cleus (Figure S2), consistent with a role of CDF4 in transcriptional
regulation. Whole-mount in situ hybridization shows thatCDF4 is
expressed in the upper differentiated columella cells and in the
CSCs of wild-type roots, whereas no expression is detectable
in the QC (Figure 2A). For further analysis, we constructed a
pCDF4:3xnlsGFP reporter gene, which exhibits highest expres-
sion levels in the differentiated columella cells of wild-type roots,
only weak levels in the CSCs, and no detectable expression in
the QC, comparable to the endogenousCDF4mRNA (Figure 2D,
see also Figure 3D), with the exception of several areas of weak
pCDF4:3xnlsGFP expression, for example, in the lateral root cap
and pericycle, that could not be robustly detected by in situ
hybridization.
In contrast to the wild-type, in the wox5-1 mutant, endoge-
nous CDF4 mRNA and pCDF4:3xnlsGFP expression are both
detectable at the QC position, which is recognized as the cells
being connected to the cortex/endodermis initials (Figures 2A–
2E). Notably, CDF4 mRNA and pCDF4:3xnlsGFP expression in
wox5-1 is also elevated in the cells subtending the QC, which
corresponds to the CSCs in the wild-type (Figures 2A–2F). In-
duction of p35S:WOX5-GR strongly repressed CDF4 mRNA
and pCDF4:3xnlsGFP expression levels throughout the colu-
mella (Figures 2G–2I).
Taken together, these data indicate thatWOX5 downregulates
CDF4 transcription in the QC and the CSCs.
WOX5 Directly Binds to the CDF4 cis-Regulatory
Elements
The CDF4 response in the presence of cycloheximide (Figure 2I;
Table S1) indicates that WOX5 either directly represses CDF4
transcription or an activator thereof. To distinguish between
these possibilities, we analyzed whether WOX5 protein binds
to the CDF4 cis-regulatory elements by chromatin immunopre-
cipitation (ChIP), using an anti-WOX5 antibody (Figure S3A).
In chromatin prepared from induced p35S:WOX5-GR roots,
we detected enrichment of the DNA fragment located 200
to 121 bp from the predicted transcriptional start site of
CDF4 (Figures 3A and 3B). Adjacent to this amplified region,
there are four ‘‘TAAT’’ sequence motifs (BS1–4; Figure 3B),
which have been reported as a binding site of the WOX5 homo-
log WUS (Lohmann et al., 2001; Yadav et al., 2011, 2013). We
find that oligonucleotides containing BS1, BS2, and the directly
adjacent BS3+4 motifs bind to WOX5 in electrophoretic
mobility shift assay (EMSA) (Figure 3C; Figure S3B). To
examine the potential roles of these motifs in planta, we
compared the expression of GFP reporters driven from CDF4
cis-element variants carrying mutations (from ‘‘TAAT’’ to
‘‘TGGT’’) in the different motifs (Figure 3B). Only mutating
BS2 results in ectopic expression of pCDF4mBS2:
3xnlsGFP in the QC and upregulation in the CSCs in the wild-
type background (Figures 3D, 3F, and 3H), similar to the
expression of the wild-type promoter in the wox5-1 mutant
(Figures 2E and 2F). By contrast, mutating the other motifs
had no effect (Figures 3E, 3G, and 3H).
Together, these results strongly suggest that WOX5 directly
represses transcription of CDF4 in planta via binding to the
BS2 motif.c.
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C Figure 2. WOX5 Downregulates CDF4Expression in the QC and Columella Stem
Cells
(A–C) CDF4 mRNA expression (violet) is detected
by in situ hybridization in the QC of wox5-1 (B)
compared with wild-type (A). Insets show magni-
fication of the QC. The sense control in wox5-1 is
shown in (C).
(D–F) pCDF4:3xnlsGFP expression (green) is up-
regulated in QC and the differentiated columella
stem cells of 5-day-old wox5-1 roots (E), com-
pared with wild-type (D). The QC is marked
by pWOX5:erCFP expression (blue). Intensities
(n = 10; ***p < 0.001, Student’s t test) of
pCDF4:3xnlsGFP signal in columella stem cells are
shown in (F). CSC, columella stem cells; (CSC),
columella stem cell position.
(G–I) pCDF4:3xnlsGFP expression is strongly
downregulated in the columella of 24-hr DEX-
induced p35S:WOX5-GR roots (H) compared with
the mock-treated control (G). Relative expression
levels of CDF4 mRNA measured by qRT-PCR in
p35S:WOX5-GR roots after 1 hr treatment with
cycloheximide plus dexamethasone (CHX+DEX)
compared with cycloheximide (CHX) treatment
alone are shown in (I). (n = 3; **p < 0.01, Student’s
t test).
Numbers denote frequencies of the shown phe-
notypes. Scale bars represent 30 mm (A–C) and
50 mm (D–H). Error bars represent SD (F and I). See
also Figure S2 and Table S1.Intercellular WOX5 Movement Is Required to
Maintain CSCs
Because the WOX5 mRNA has been detected in the QC but
not in the subtending CSCs (Sarkar et al., 2007), we wondered
how CDF4 repression occurs there. To this end, we studied
localization of WOX5 fused to green or yellow florescence pro-
tein (GFP, YFP), both of which fully complement the wox5-1
mutant when expressed from the endogenousWOX5 promoter
(Figures 4E–4G and 4L), indicating that the fusion proteins are
functional. Complementation of the wox5-1 CSC defect was
judged by the reappearance of a starch-free layer below the
QC and a wild-type-like layered organization of the columella.
First, we compared the signals of a transcriptional (pWOX5:
erCFP) and a translational (pWOX5:WOX5-GFP) reporter using
the WOX5 promoter. Importantly, we detect WOX5-GFP pro-
tein accumulation not only in the QC but also in the nuclei of
the CSCs (Figure 4B), whereas expression of the transcrip-
tional control is in the QC but absent from the CSCs (Fig-
ure 4A). Thus, we conclude that WOX5-GFP protein moves
from the QC into the CSCs where it represses CDF4 expres-
sion, as indicated by the upregulation of the pCDF4mBS2:
3xnlsGFP reporter in wild-type roots (Figures 3F and 3H).
The resulting proximal-distal gradient of WOX5-GFP protein
with highest levels in the QC, low levels in the CSCs, and no
detectable expression in the differentiated columella cells isDevelopmental Cell 33, 576–reversely oriented to the observed
CDF4 reporter expression gradient.
Next, we tested the biological signifi-
cance of WOX5 movement. In contrastto the genomic fusion construct gWOX5-YFP (Figure 4C), a
fusion between WOX5 and three copies of YFP (gWOX5-
3xYFP), which is unable to move from the QC into the CSCs (Fig-
ure 4D), does not rescue the stem cell differentiation in the
wox5-1mutant (Figures 4H and 4L). However, gWOX5-3xYFP re-
stores both QC184 expression and repression of pCDF4:
3xnlsCFP in the QC of the wox5-1 mutant (Figures 4H–4J),
demonstrating that the WOX5-3xYFP fusion protein is active.
Thus, we conclude that WOX5movement from the QC into the
CSCs is crucial for CSC maintenance.
CDF4 Promotes Columella Cell Differentiation
To address the biological relevance of CDF4 repression by
WOX5, we expressed CDF4 in the QC (pWOX5::CDF4) and
in the CSCs (J2341::CDF4). pWOX5::CDF4 plants display
loss of expression of the QC marker QC184 and accumulation
of starch granules at the position of the CSCs (Figures 5A
and 5B), indistinguishably from the wox5-1 mutant (Figure 5E;
Sarkar et al., 2007). We also observed accumulation of
starch granules at the position of the CSCs in J2341::CDF4
roots (Figures 5C, 5D, and S4F). In addition, expression of
Q0680::CDF4 blocks the ability of p35S:WOX5-GR to induce
ectopic stem cell formation (Figures 5F and 5G), without
affecting the WOX5-GR expression level (data not shown).
We therefore conclude that CDF4 promotes differentiation588, June 8, 2015 ª2015 Elsevier Inc. 579
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Figure 3. WOX5 Directly Binds to CDF4 cis-
Regulatory Elements
(A) The P1 PCR fragment (200 to 121 bp up-
stream of transcription start site ofCDF4) is enriched
by ChIP using anti-WOX5 antibody from DEX-
induced p35S:WOX5-GR roots, but not in the
wox5-1 control. PCR signals are normalized to input
and eIF4a recovery levels. Error bars represent SD
(n = 3; **p < 0.01, Student’s t test).
(B) Diagram of the DNA sequence (235 to 36 bp)
upstream of the transcription start site ofCDF4. Gray
box indicates the P1 PCR fragment. The sequences
used for EMSA are underlined, and ‘‘TAAT’’ or
‘‘ATTA’’ motifs are boxed.
(C) EMSA of the oligonucleotide BS2 with GST-
tagged WOX5 protein. The labeled probe is shifted
by GST-WOX5 protein and super-shifted by anti-
WOX5 antibody (a-WOX5), but the shift is abolished
when ‘‘TAAT’’ is mutated to ‘‘TGGT.’’ The black
arrowhead indicates the shifted band, the white
arrowhead indicates ‘‘supershift,’’ and the square
bracket indicates free probe.
(D–H) Representative expression patterns (D–G) and
levels (H) of CDF4 carrying mutations (from ‘‘TAAT’’
to ‘‘TGGT’’) in four putative binding sites, respec-
tively. Mutating the binding site 2 (mBS2) upregu-
lates the expression of the CDF4 reporter in the QC
and the columella stem cells (F and H), but mutated
BS1 or BS3+4 does not (E, G, and H), comparedwith
the non-mutated reporter (D and H). Numbers
denote the frequencies of the shown phenotypes in
independent transformants. Scale bars represent
25 mm.
(H) Quantification of GFP signals in the columella
stem cells of the different genetic backgrounds in
(D)–(G). Error bars represent SD (n = 10 from 2
representative transgenic lines of each genetic
background; ***p < 0.001, Student’s t test). See also
Figure S3.and that its repression by WOX5 is essential to maintain CSCs
undifferentiated.
In order to study the role of CDF4 in the wild-type columella,
we sought to establish a dominant-negative protein version,
because a CDF4 loss-of-function mutant was not available in
public seed collections and RNAi knockdown approaches were
unsuccessful (data not shown). To this end, we first determined
in Arabidopsis leaf protoplast assays that CDF4 has a transcrip-
tional repressor activity (Figures 5H and 5I). Deleting the N-termi-
nal domain (DNCDF4) abolishes this repressive activity, and
replacing it with the transcriptional repressor domain SRDX (Hir-
atsu et al., 2003) restores repression (Figures 5H and 5I). By
contrast, deletion of the C-terminal domain (CDF4DC) does not
impair CDF4 activity in the protoplast assay (data not shown).580 Developmental Cell 33, 576–588, June 8, 2015 ª2015 Elsevier Inc.Overexpression of CDF4 from the strong
p35S promoter results in tiny plants with
retarded growth (Figures S4A and S4B)
and a significant accumulation of starch
grains in the CSCs (Figures 5J, 5K, and
S4F). A similar accumulation of starch
grains, but without any other appreciable
effects in plant growth, was found after16-hr induction of 35S:CDF4-GR (Figures 5L, 5M, and S4F).
Starch accumulation at the CSC position is abolished by deleting
the N-terminal domain (Figures 5N, S4C, and S4F), but restored
when replacing it with the generic SRDX repressor domain (Fig-
ures 5O, S4D, and S4F). The accumulation of starch grains at the
CSC position induced by ectopic CDF4 activity reaches up to
75% of the accumulation in wox5-1 (Figures 5P and S4F), sug-
gesting that CDF4 is an important target of WOX5 in CSC regu-
lation but not the only one, consistent with our arrays analysis.
From these data, we conclude that CDF4 acts as a transcrip-
tional repressor inhibiting the CSC program.
To convert CDF4 into a transcriptional activator, we
exchanged the N-terminal domain with the strong activation
domain VP16 (Hanano and Goto, 2011; Parcy et al., 2002). The
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Figure 4. Intercellular WOX5 Protein Movement Is Essential to Maintain Columella Stem Cells
(A) Expression of the transcriptional reporter pWOX5:erCFP in the QC and weakly in stele initials.
(B) pWOX5:WOX5-GFP signal is detected in nuclei of the QC, and weakly in stele initials and subtending columella stem cells.
(C) Similar to pWOX5:WOX5-GFP, signal of the genomic gWOX5-YFP construct is detected in nuclei of the QC and in initials of the stele and the columella.
(D) No gWOX5-3YFP signal can be detected in the columella stem cells of seedling roots. (C’) and (D’) show the YFP channel only.
(E–H) Expression of gWOX5-3xYFP rescues expression of QC184 in the QC but does not rescue the columella stem cells in wox5-1 (H), whereas gWOX5-YFP
rescues both (G). Wild-type and wox5-1 are shown in (E) and (F).
(I–K) pCDF4:3xnlsCFP is repressed specifically in the QC cells ofwox5-1mutants expressing gWOX5-3xYFP (J) similar to the wild-type background (K) and unlike
the control in the wox5-1 (I). Insets in (J) show the area of the stem cell niche without the CFP or YFP channel. Numbers denote frequencies of the shown
phenotypes in independent transformants.
(L) Independent transformants are scored for the recovery ofQC184GUS expression in the QC and of columella stem cells (CSC), as judged by the reappearance
of a starch-free layer below the QC and a wild-type-like layered organization of the columella.
Scale bars represent 50 mm.resulting VP16-DNCDF4 causes strong transcriptional activation
in theArabidopsis protoplast transcription assay (Figures 5H and
5I); therefore, we transformed p35S:VP16-DNCDF4 as a poten-
tial negative CDF4 allele into plants. Expression of p35S:VP16-
DNCDF4 does not obviously alter the seedling morphology
(Figure S4E). However, significantly more root meristems have
an extra layer of CSC-like cells compared with the vector control
(30.3% versus 14.4% of the control; Figure 5Q; Table S2).
In summary, we conclude from the increase of stem-cell-like
cells by the VP16-DNCDF4 activator allele and the loss of stem
cells by increased CDF4 repressor activity that CDF4 represses
the CSC program and promotes differentiation in the wild-type
root. Notably, VP16-DNCDF4 expression is not sufficient toDeverestore CSCs in the wox5-1 mutant (Figure S4G), in line with
the notion that WOX5 targets additional essential factors.
WOX5 Maintains CSCs through Direct Interaction with
TPL/TPR Proteins
To understand the mechanism of WOX5-mediated repression of
CDF4, we sought to identify WOX5 associated proteins by
immunoprecipitation coupled with mass spectrometry (IP-MS).
To this end, we generated transgenic lines expressing the func-
tional WOX5-YFP by a DEX-inducible transactivating pOp/LhGR
overexpression system (p35S:LhGR; pOp:WOX5-YFP; Sama-
lova et al., 2005). After immunoprecipitation with anti-GFP mag-
netic microbeads and subsequent mass spectrometry, we foundlopmental Cell 33, 576–588, June 8, 2015 ª2015 Elsevier Inc. 581
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Figure 5. CDF4 Antagonizes WOX5 Activity and Promotes Cell Differentiation
(A–E) Root phenotypes of expressing CDF4. pWOX5::CDF4 expression in the QC results in the loss of QC184 expression (blue) and the accumulation of starch
(brown) at the position of columella stem cells (B), compared with empty vector control (A), mimicking the phenotype ofwox5-1 (E). Expression of J2341::CDF4 in
the columella stem cells leads to differentiated columella stem cells with accumulation of starch (D compared with C).
(F and G) LSM images of the root tips. Induction of WOX5 overexpression by DEX application induces extra columella-stem-cell-like cells (F), which are sup-
pressed by CDF4 expression from the Q0680 driver in the columella root cap (G). 5-day-old seedlings were treated with 10 mM DEX for 24 hr. Brackets indicate
supernumerary stem-cell-like cells.
(H) Constructs used for protoplast transcription assays. Expression of the tested protein fused to the GAL4 DNA binding domain (GAL4BD) is driven by the p35S
promoter. HD andDof (gray boxes) represent the DNA binding domains ofWOX5 andCDF4, respectively. Firefly luciferase (black box) driven by the p35Sminimal
promoter (90 to +1 bp) with six tandem repeats of GAL4 binding sites (6xUAS) upstream is used as a reporter. SRDX, strong repressor domain (Hiratsu et al.,
2003); VP16, strong transcriptional activation domain (Cousens et al., 1989; Triezenberg et al., 1988).
(legend continued on next page)
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all fivemembers of the TPL family (Kieffer et al., 2006; Long et al.,
2006) of transcriptional co-repressors at high ranking in the list of
recovered proteins (Table S3). We confirmed the interactions
betweenWOX5 and every TPL/TPR through bimolecular fluores-
cence complementation (BiFC) in Arabidopsis protoplasts (Fig-
ure S5A). We thus conclude that WOX5 can physically interact
with TPL/TPRs in vivo.
To test the functional importance of its interaction with TPL/
TPRs, we first determined which WOX5 domains are necessary
for this association. To this end, we chose TPR1 as represen-
tative of the TPL family and performed BiFC in Arabidopsis
protoplasts. WOX5 contains two conserved elements, the
WUS box (WB) and an EAR domain, that have each been
demonstrated to have repressive activity in protoplast tran-
scriptional assays (Figure S5B; Hiratsu et al., 2003; Ikeda
et al., 2009).
When we replaced two conserved Leu with Ala residues
within the WB (designated as mWB), this abolishes both the
interaction of WOX5 with TPR1 (Figure S5C) and the ability to
complement the wox5-1 mutant (Table S4). Importantly, this
mutation does not impair the stability of WOX5 protein as
shown by western blotting (Figure S5D). By contrast, deleting
the EAR domain has no effect on TPR1 binding (Figure S5C)
and only weakly affects the ability of the protein to complement
wox5-1 (Table S4). To confirm that the detected WOX5-TPR1
interaction is sufficient for stem cell maintenance by WOX5,
we made a direct fusion between WOX5mWB and TPR1. Unlike
WOX5mWB, the chimeric WOX5mWB-TPR1 fusion protein
driven from the pWOX5 promoter significantly restores QC
and CSCs in the wox5-1 mutant (Table S4). Furthermore, add-
ing the canonical repression domain SRDX (Hiratsu et al., 2003)
to the WOX5mWB not only restores TPR1 binding (Figure S5C)
but also significantly alleviates wox5-1 stem cell defects
(Table S4).
To address the relevance of our protein interaction data, we
asked whether TPL/TPRs genetically act in the same pathway
as WOX5. We find that in roots of the dominant-negative tpl-1
allele, which is thought to repress the activities of all TPL family
members (Long et al., 2002, 2006), expression of the QC marker
QC184 and the CSCmarker J2341 are strongly reduced (Figures
6A, 6B, 6D, and 6F). Furthermore, a significant fraction of tpl-1
roots (11/30; Figure 6B, inset) accumulated starch grains at the
CSC position. These phenotypes are similar to the wox5-1
mutant, although starch accumulation is less pronounced (Fig-
ures 5E and 6B). Importantly, the tpl-1mutation significantly sup-
presses the ability of p35S:WOX5-GR to induce ectopic stem
cell formation (Figures 6H, 6I, and 6K).
In summary, these results indicate that WOX5maintains CSCs
undifferentiated via physical interaction with TPL/TPR co-
repressors.(I) Deletion of the CDF4 N-terminal domain (DNCDF4) compromises the transcrip
with SRDX restores the repressive activity, whereas replacing it with VP16 crea
transcriptional repression. Error bars represent SD.
(J–Q) LSM images of the 5-day-old roots. CDF4 overexpression results in differen
the empty vector control (J), similar to the situation of the 35S:CDF4-GR after DEX
this effect (N), and a fusion with SRDX restored it (O). Starch accumulation in the
causes a significant increase of an extra layer of columella-stem-cell-like cells (d
The average frequencies of phenotypes are given in percentage from five (Q) or
denote frequencies of the shown phenotypes of independent transformants. Scal
DeveHDA19 Mediates WOX5 Function in Stem Cell
Maintenance
Groucho-like co-repressors can interact with histone deacety-
lases in animals and plants (Krogan et al., 2012; Liu and Karmar-
kar, 2008; Wang et al., 2013; Zhu et al., 2010). We therefore
tested whether a histone deacetylase might mediate WOX5-
TPL/TPR function in root stem cell maintenance. Consistent
with this hypothesis, treatment of roots with the histone deace-
tylase inhibitor Trichostatin A (TSA) (Yoshida et al., 1990) largely
suppressed ectopic stem cell formation by WOX5 overexpres-
sion (Figures S5E–S5G).
Therefore, we analyzed the mutant phenotypes of all Class I
RPD3 histone deacetylase genes: HDA19, HDA9, HDA7, and
HDA6 (Pandey et al., 2002). Knockouts of HDA6, HDA7, or
HDA9 are indistinguishable from wild-type roots (data not
shown). By contrast, hda19-3 roots display a strongly reduced
expression of QC184 and J2341 and an accumulation of starch
grains in CSCs, again similar to wox5-1 (Figures 6C and 6G).
Moreover, hda19-3 almost completely suppresses WOX5-
induced ectopic stem cell formation (Figures 6J and 6K).
These results strongly suggest that HDA19 acts together with
WOX5-TPL/TPRs in CSC maintenance. Consistent with this
conclusion, TPL/TPR and HDA19 gene expression has been
found in the QC and root columella cap (Brady et al., 2007;
Winter et al., 2007; Figure S5H).
WOX5-TPL/TPR-HDA19 Complex Causes Histone
Deacetylation and Transcriptional Repression of CDF4
Next we tested whether TPL/TPRs and HDA19 are required for
the direct repression of CDF4 by WOX5. Similar to the situation
in wox5-1, we find that pCDF4:3xnlsGFP is ectopically ex-
pressed in the QC position of tpl-1 and in hda19-3mutants (Fig-
ures 7A–7C). The low penetrance of this effect in hda19-3 might
be due to genetic redundancy, which is evident, for example,
from the embryo lethal phenotype of hda19-3 hda6/rts1 double
mutants (data not shown). Additionally, the expression of
pCDF4:3xnlsGFP is significantly upregulated at the CSCposition
in tpl-1 (Figure 7D). This is not the case for the hda19-3 mutant,
which, however, displays strongly reduced pCDF4:3xnlsGFP
expression throughout the root meristem (Figures 7C and 7D),
consistent with HDA19 requirement in additional developmental
processes. Importantly, tpl-1 and hda19-3 alleviate the tran-
scriptional repression of pCDF4:3xnlsGFP by WOX5 overex-
pression (Figure 7E). In summary, we conclude that TPL/TPRs
and HDA19 are required for the direct repression of CDF4
through WOX5 in the root stem cell niche.
We then asked whether WOX5 might recruit TPL/TPRs and
HDA19 to the CDF4 gene. Using ChIP-qPCR, we found that
both TPR1-GFP and HDA19-GFP are enriched at the WOX5-
binding region of CDF4 after p35S:WOX5-GR is activated bytional repression by CDF4 in the luciferase transcriptional assay. Replacing it
tes a strong transcriptional activator. GAL4BD-WOX5 serves as a control for
tiated columella stem cells with accumulated starch grains (K), compared with
induction for 16 hr (M compared with L). The DNCDF4 modification abolished
wox5-1 mutant is shown for comparison (P). VP16-DNCDF4 overexpression
esignated ‘‘CSC’’ in Q; see also Table S2).
two (empty vector) independent transformants (see also Table S2). Numbers
e bars represent 25 mm (A–E and J–Q) and 50 mm (F and G). See also Figure S4.
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Figure 6. TPL/TPRs and HDA19 Are Required for Columella Stem Cell Maintenance by WOX5
(A–C)QC184 expression in 5-day-old roots. Comparedwithwild-type (A),QC184 expression is greatly reduced in tpl-1 (B) and absent in hda19-3 (C). Additionally,
starch grains (arrows) are accumulated in the columella stem cells of tpl-1 (B, 11/30) and hda19-3 (C, 30/30). Insets show highermagnification of the root stem cell
niche with the QC.
(D–G) J2341 expression in 5-day-old roots. J2341 expression is remarkably reduced in tpl-1 (F) and hda19-(G) compared with wild-type (D), similar to thewox5-1
mutant (E).
(H–J) Phenotypes of the root tips after DEX induction (+) for 24 hr. Numerous columella-stem-cell-like cells induced byWOX5 (H) are largely suppressed in tpl-1 (I)
and hda19-3 (J).
(K) Quantification of columella-stem-cell-like layers in (H)–(J). Error bars represent SD (n = 10; **p < 0.01, Student’s t test).
Numbers denote frequencies of the shown phenotypes. Brackets indicate the induced columella-stem-cell-like cells. Nomarski (A–C) and LSM (D–J) images.
Scale bars represent 25mm (A–C) and 50 mm (D–J). See also Figure S5 and Table S3.DEX application compared with the uninduced control (Fig-
ure 7F). We thus conclude that WOX5 recruits both TPR1 and
HDA19 to CDF4.
To address themolecular consequence of this recruitment, we
tested two histone marks, H3K9 and H3K14 acetylation, which
had been reported to be targeted by HDA19 (Jang et al., 2011;
Krogan et al., 2012). The levels of both modifications at the P1
region are significantly reduced upon p35S:WOX5-GR overex-
pression (Figure 7G).
In summary, we conclude that WOX5 represses CDF4 tran-
scription in the QC and the CSCs via recruitment of the histone
deacetylase HDA19 and subsequent histone H3 deacetylation
at the CDF4 cis-regulatory region.
DISCUSSION
Stem cells in plants and animals are maintained in a pluripotent
state by signals from surrounding niche cells. In plants, related584 Developmental Cell 33, 576–588, June 8, 2015 ª2015 Elsevier InWOX genes regulate stem cell maintenance in the root and shoot
meristems, the vascularmeristem (cambium), and the leafmargin
meristem (Ji et al., 2010; Mayer et al., 1998; Sarkar et al., 2007;
Shimizu et al., 2009). Despite their important roles, the molecular
mechanism of WOX protein function has remained elusive. Our
results reported here strongly suggest a mechanistic framework
for WOX5 function in root CSC maintenance: we show that QC-
expressed WOX5 acts as a mobile signal from the QC to the
CSCs and recruits TPL/TPR co-repressors and the histone de-
acetylase HDA19 to the CDF4 gene. In turn, expression of the
putative differentiation factor CDF4 is downregulated, involving
histone deacetylation, and this appears to prevent precocious
exit of columella cells from the pluripotent state (Figure 7H).
Direct Repression of CDF4 by WOX5 Prevents
Precocious Loss of Pluripotency
Our results show that CDF4 is a direct and relevant target of
WOX5 in CSC maintenance. Curiously, we find that WOX5c.
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Figure 7. TPL/TPRs and HDA19 Directly
Repress the Expression of CDF4
(A–C) LSM images of 5-day-old roots. CDF4 is
ectopically expressed in the QC and upregulated
in the columella stem cells of tpl-1 (B), and the QC
of hda19-3 (C) comparedwithwild-type control (A).
(D) Quantification of GFP signals in the columella
stem cells of (A)–(C). n = 10 for each genetic
background.
(E) Relative expression levels of CDF4 detected by
real-time PCR. Roots were induced with 10 mM
DEX for 24 hr. PCR signals of DEX-treated samples
are normalized to corresponding mock controls.
PCR signals of mock samples are set to 1, indi-
cated by the red line.
(F) Association of TPR1 and HDA19 with the P1 but
not the P5 region ofCDF4 revealed by ChIP-qPCR.
Roots were treated with or without10 mM DEX for
4 hr. PCR signals of DEX-treated samples were
normalized to input and corresponding mock-
treated controls. PCR signals of mock-treated
samples were set to 1, indicated by the red line.
(G) Effect of p35S:WOX5-GR overexpression on
histone acetylation at the P1 region detected by
ChIP-qPCR. Roots were treated with or without
10 mM DEX for 4 hr. PCR signals of DEX-treated
samples are normalized relative to input and mock
treatment. ACTIN2/7 is used as a negative control.
(H) Model of transcriptional repression byWOX5 to
maintain stem cells undifferentiated.
Scale bars represent 25 mm (A–C). Error bars
represent SD from three independent biological
replicates (D–G; *p < 0.05, ***p < 0.001, Student’s
t test).directly represses CDF4 not only in the QC where WOX5 is ex-
pressed but also non-cell-autonomously in the CSCs. In the
QC, WOX5 is also required for expression of QC184 and, as
recently reported, inhibition of cell division (Forzani et al.,
2014). Analysis of an immobilized protein version strongly sug-
gests that WOX5 function in the CSCs is accomplished by inter-
cellular movement of WOX5 protein, identifying WOX5 as the
long-sought-after QC-derived signal in stem cell regulation.
This movement establishes a gradient of WOX5 protein with
the highest levels in the QC, a weaker level in CSCs, and no
accumulation in differentiated cells. Consequently, expressionDevelopmental Cell 33, 576–of a transcriptional reporter of the direct
target CDF4 forms a reverse gradient.
These opposing gradients provide a
conceptual framework how stem cell
maintenance and cell differentiation are
balanced in the columella.
What is the precise role of CDF4 in the
columella? Misexpression experiments
indicate that CDF4 promotes columella
cell differentiation, and by antagonizing
CDF4 repressor activity, we find a signifi-
cant increase of roots with double stem-
cell-like layers. We hypothesize the latter
effect to bemore pronounced in complete
CDF4 loss-of-function roots, becausein the wild-type background, VP16-DNCDF4 protein must
compete with endogenous CDF4. In thewild-type root, the occa-
sional presence of two CSC-like layers plausibly represents a
transient stage immediately after stem cell division before the
distal daughter cell destined to produce columella cells has
differentiated. The increase of two stem-cell-like layers in roots
expressing VP16-CDF4 can be explained in two ways. First,
the division rate of the CSCs could be increased, implying that
native CDF4 would primarily repress cell division. However, the
fact that the absence of CDF4 is essential to maintain the
integrity of the mitotically inactive QC is at odds with this588, June 8, 2015 ª2015 Elsevier Inc. 585
interpretation. We therefore consider it a more straightforward
interpretation that VP16-CDF4 expression slows down the differ-
entiation of the distal stem cell daughters. This hypothesis is
supported by the differentiation-promoting effects of CDF4 over-
expression and implies that wild-type CDF4 primarily promotes
the exit of the distal daughter cells from the stem cell state.
This interpretation is in line with laser ablation of the QC causing
differentiation of the CSCs in the absence of cell division, a
phenotype suggesting a QC-derived stem cell signal that re-
presses primarily stem cell differentiation and, as a conse-
quence, allows stem cell divisions (van den Berg et al., 1997).
Our data, together with previous findings that WOX5 can induce
ectopic stem-cell-like cells in the absence the QC (Sarkar et al.,
2007), strongly suggest that, through intercellular movement,
WOX5 protein is this signal and that WOX5-mediated downregu-
lation of CDF4 expression in the QC and the CSCs are an
essential part to prohibit CSC differentiation. Notably, CDF4
expression, for example, in the stele stem cells, suggests that
CDF4 does not generally inhibit pluripotency, but is specific to
the QCmediated CSC regulation, suggesting other yet unknown
factors to modify CDF4 function.
WOX5 Maintains CSCs through Histone Deacetylation
Our results provide evidence that WOX5 regulates stem cell
maintenance at the chromatin level by interacting with TPL/
TPR co-repressors and HDA19.
The observed WOX5-TPL/TPR interaction, together with the
failure to detect direct interaction between WOX5 and HDA19
(data not shown) and the reported direct interaction of TPL
with HDA19 (Krogan et al., 2012), suggest that TPL/TPRs act
as adaptors of WOX5 to recruit HDA19. The consequential
reduction of histone H3 acetylation at the CDF4 P1 region is
associated with downregulation of the CDF4 transcription. This
strongly suggests that WOX5-mediated deacetylation causes
CDF4 repression, which is in good agreement with the proposed
function of histone acetylation in promoting transcription (Zent-
ner and Henikoff, 2013).
The striking involvement of different WOX genes in regulating
stem cells of different meristems raises the question whether the
regulatory mechanism for WOX5 reported here might apply also
to other stem-cell-regulating WOX proteins. Previous studies
showed that WUS can replace WOX5 in root meristem stem
cell maintenance when expressed in the QC and vice versa (Sar-
kar et al., 2007) and that in the lateral leaf meristems,WOX1/PRS
(WOX3) are at least partially interchangeable with WUS (Shimizu
et al., 2009; A. Dolzblasz and T.L., unpublished data). Similar to
WOX5, WUS physically interacts with TPL in yeast-2-hybrid as-
says (Kieffer et al., 2006), and in a recent paper, the petunia
WOX1 homolog has been found to interact with a TPL homolog
(Zhang et al., 2014). Together, these findings indicate that close
WOX homologs have at least partially equivalent functions.
We therefore hypothesize that recruitment of TPL and HDAC
proteins through their conserved WUS box and subsequent
histone deacetylation might be a general mechanism of how
WUS-clade WOX proteins repress differentiation programs in
plant stem cell maintenance.
The repressive function of WOX5 through histone deacetyla-
tion parallels mechanisms of stem cell maintenance in animals.
For example, in embryonic stem cells, the master regulators586 Developmental Cell 33, 576–588, June 8, 2015 ª2015 Elsevier InOCT4 and Nanog recruit the HDAC1/2-containing repression
complex NODE to their target genes to promote stem cell fate
(Liang et al., 2008). Inactivation of HDAC1 and 2, or other sub-
units of NODE, impair pluripotency (Jamaladdin et al., 2014;
Liang et al., 2008). Our results suggest that utilization of
HDAC-containing repression complexes to silence differentia-
tion programs is a common theme in stem cell maintenance
across kingdoms.
EXPERIMENTAL PROCEDURES
See Supplemental Information for details.
Plant Materials and Growth Conditions
All plants are in the Columbia (Col) accession, except for Q184 in the Wassi-
lewskija (Ws) accession kindly provided by Ben Scheres, enhancer trap lines
J2341,Q0680, andQ1630 in the C24 accession obtained from the Nottingham
Arabidopsis Stock Centre (UK), and tpl-1 (Long et al., 2002) in the Landsberg
erecta (Ler) accession kindly provided by Jeffrey Long. tpl-1 was introgressed
into Col ecotype twice before functional characterization. CycB1;1-GUS was
kindly provided by Peter Doerner. Other marker lines and mutants have
been described previously: wox5-1 (Sarkar et al., 2007), hda19-3 (Kim et al.,
2008), and pTPR1:TPR1-GFP (Zhu et al., 2010).
Expression Analysis
In situ hybridization in whole-mount roots at 1 dpgwas performed according to
(Heja´tko et al., 2006). b-glucuronidase (GUS) activity, and starch granules were
visualized as described (Sarkar et al., 2007).
Microscopy
Root tips after GUS or lugol staining weremounted in 70%chloral hydrate, and
differential interference contrast (DIC) images were captured using Axiovision
4.7 software (Zeiss) on an Axioskop 2 plus microscope. Modified pseudo-
Schiff propidium iodide (mPS-PI) staining was performed according to Truernit
et al. (2008). For confocal laser scanning microscopy, root tips were mounted
in 10 mg/ml propidium iodide (Sigma P-4170) and images were taken with ZEN
2010 software (Zeiss) on a Zeiss LSM 700 system. For quantification of nuclear
fluorescent signals, a z stack of 10 optical slices covering a depth of 8 mmwas
taken for each CSC and the signals from each individual nucleus of the two
centrally located CSCs were measured using image ImageJ (http://rsb.info.
nih.gov/ij/). For each individual nucleus, the signals of the three most median
sections were combined.
EMSA
GST-WOX5 protein was expressed in E. coli BL21 (DE3) and purified with
Glutathione Sepharose 4B (GEHealthcare, 17-0756-01) according to theman-
ufacturer’s instructions. EMSAwas performed using the LightShift Chemilumi-
nescent EMSA kit (Thermo Scientific, 20148) according to the manufacturer’s
instructions.
Microarray Analysis
RNA for transcriptome analysis was labeled, hybridized to Affymetrix ATH1
arrays, and scanned at the Functional Genomics Center Zurich as described
previously (Hennig et al., 2003). Raw Affymetrix CEL files were analyzed in R
version 2.15.1 (http://www.r-project.org), using packages from the Bio-
conductor project (Gentleman et al., 2004). Raw signal intensities were
normalized using RMA (robust multichip average) of the gcrma package (Iri-
zarry et al., 2003). Differential expression of genes was determined with the
limma package (Smyth et al., 2005). The same package was also used to
output the overlap of gene lists (at log2-fold changeR 1 and p value% 0.05
cutoffs).
ChIP
ChIP was performed according to the Pikaard lab protocol (http://sites.bio.
indiana.edu/pikaardlab/Protocols%20page.html) with minor modifications.
Root tips at 5 dpg after DEX treatment for 4 hr were harvested and cross-linkedc.
with 1% formaldehyde (Sigma-Aldrich, F8775). HDA19-GFP expressing roots
were treated with 2 mM ethylene glycol bis (EGS) (Sigma-Aldrich, E3257) for
30 min under a vacuum before formaldehyde treatment. Cross-linked chro-
matin was fragmented by sonication and incubated with the following anti-
bodies: custom-made polyclonal anti-WOX5 antibody coupled to Dynabeads
(Invitrogen, 112-05D), H3K9Ac (Upstate, 07-352), H3K14Ac (Upstate, 07-353),
and anti-GFP (Ab290). Immunoprecipitated chromatin was analyzed by qPCR.
Enrichment was calculated as a ratio of bound sequence over input. Data are
presented as fold change relative to the control sequence eIF4a.
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